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Final conclusions relating to the dynamical behavior and the power
system performance of the Ariel II International Satellite are developed and
summarized in this phase III report. The emphasis in phase III has been on
causal factors for performance previously summarized in phase II on the basis

of reduced telemetry data from phase I.

Aerodynamic torques are charged with the responsibility for the ob-
served spin rate variations and final stoppage, and together with gravity gra-

dient torques, for the deduced precession of the satellite spin axis.

An intermittent circuit malfunction in the inverter is regarded as
the most likely cause of the data anomaly in orbit 415. Otherwise the power
system 1s shown to have functioned within design specifications or to have

surpassed them.
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1.0 INTRODUCTION

The Ariel II post-launch evaluation pursued under this contract has
had three distinct areas of interest, namely, dynamics, power system and thermal
performance. The potentialities of the data were exhausted in the last area at
the conclusion of phase II. Results showed that pre-launch predicted thermal
performance was borne out reasonably well by the actual spacecraft in orbit.

Final reporting is now made in the remaining areas.

In this phase IIT report, which is also the final report under the
contract, an attempt is made to explain the performance summarized in the phase

IT report. Possible causes are identified for any unusual parameter variations.

All the work rests upon the data reduced to engineering units in
phase I from the telemetered data received as printouts from GSFC and also from
the United Kingdom. Use was also made of the orbital data presented in the
Refined and Predicted World Maps. The phase I report, reference 1, explains
the data reduction task and displays the results. Phase II resulted in a concise
statement of the data, i.e., a declaration of just what the spacecraft per-
formance was. These data were cast in terms suitable for comparison to pre-

launch prediction where applicable.

Care has been taken, both in the phase II report and also in this
one, to indicate the level of confidence which may be placed in the conclusions.
Such care is necessary because much of the work is built up from inference and
deduction with reliance on data of incidental relevance. This is particularly

true in the dynamics area, though not confined there.

Nevertheless, certain facts may be stated, at least qualitatively,
with firmness. For example, aerodynamic disturbance torques acting on the solar
paddles are the most significant ones from the spin torque point of view and are
also significant from the precession torque point of view. These firmer facts

make themselves evident in the discussion.

In general, the power system performed within predicted boundaries,
with one seven-minute period of anomalous operation which has proved difficult
to explain. Considerable effort has been devoted to examining available evidence
and it appears that a good case can be developed for holding the inverter re-
sponsible. All of the chain of reasoning employed in these deductions is pre-

sented.




Conclusions and recommendations are stated separately in connection
with each subject area because the conclusions themselves have no great inter-

relationship. The dynamics question is considered first.

2.0 DYNAMICAL ANALYSIS

2.1 Spacecraft Inertia Data

The following inertia data for Ariel II is based on the orbital con-
figuration of the satellite according to Outline Drawing 7O02R482, Rev. H. The
orbital configuration has booms, paddles and antennas erected and deployed and
includes the orbital portion of the separation mechanism.

sta. ref. }$

Aft
direction

Mass moment of inertia
slug-ft° Kg-m?
1x 45.58 61.79
Iy 6.40 8.68
Iz 47.72 64.70
2 1 Kg—m2
(I = slug-ft” x 53¢ 31ug_ftz)



The center of mass of the satellite is:

x =0 (measured from Z - axis)
v = 0 (measured from Z - axis)
z = sta 36.14 in. (measured from station reference —- 8.630 in.

ahead of nose)

sta 0.918 m

2.2 Solar Paddle Geometry

The satellite has four solar paddles all with the same surface area.
Opposite paddles have identical angular settings whereas adjacent paddles differ.
Although each paddle actually has a double-wedge cross-section, it is assumed

for convenience that each paddle is a flat plate.

From Outline Drawing 702R482, Rev. H, the paddle dimensions are
obtained:

length = 20.16 in.
width = 11.98 in.
The surface area of one side of one paddle is then:

= 20.16 x 11.98

The normal view of each paddle itself is:

pt. A (or B) Paddle No. 1 (or 3)

D D e
l

<— 1.53 —%‘é 10.08 10.08 >

e 11.61

= 21.69" >t




Paddle No. 2
ot Cér D) addle No @(or L)
cp

le—1.03 —)‘é 10.08 10.08 >

= 11.11

< — 21.19" >

sta
1.83

The above views give the true distances between the reference point

and the center of pressure, cp, which is considered to be at the center of the
paddle. The apparent distance between the reference point and the cp of each
paddle as projected on the X-Y plane is:

li = 1i cos Cii

where:

]

li true distance

S
I

5 latitude of paddle shaft

For paddle #1 (or 3):

l1 = 11.61 cos 45°

= 8.2]1 in.

For paddle #2 (or 4):

]

12 = 11.11 cos 22.5°

= 10.26 in.

The apparent locations of reference points and cp's, as projected on

the X-Y plane, are shown below in a plan view looking aft.
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The cartesian coordinates of each cp are obtained trigonometrically:

For paddle #1:
x, = (25.90 + 1.125) cos 45°
= 17.67 in.
¥y, = (25.90 - 1.125) sin 45°
= 17.51 in.



= —sta. 50.97 — 11.61 sin 45°
= -sta. 58.18 in (measured from station reference)
= -sta. 58.18 + sta. 36.14
= -22.02 in. (from center of mass).
For paddle #2:
x, = (26.57 - 2.75) cos 45°
= 16.82 in.
y, = —(26.57 + 2.75) sin 45°
= -20.7 in.
z, = -sta. 51.83 - 11.11 sin 22.5°
= -gta. 56.08 in.
= —sta. 56.08 + sta. 36.14
= -19.94 in. (from center of mass)

The coordinates of the cp for each paddle relative to the center of
mass of the satellite are tabulated below:

Paddle cp Coordinates (in.)
No. X y z
1 17.67 17.51 -22.02
2 16.82 -20.7 -19.94
3 -17.67 -17.51 ~-22.02
L -16.82 20.7 -19.94

To determine the angular orientation of the solar paddles:

a. Let 6 be the angle between the satellite spin axis, z, and the

paddle normal, n, in the plane containing z and n.



3

3< /

b. Let OC be the angle between the spin axis, z, and the normal of
the paddle axis, n, in the plane which includes the spin axis and the paddle
axis.

N,

4

} <
c. Let ﬁ be the angle between the above normal of the paddle axis,

n, and the normal of the paddle, n, i.e., paddle rotation. The angle, 6, may

be determined from the relation:
cos 6 = cos X cosﬂ

The paddle orientation angles are:

Paddle Angle (deg) ;
No. o A 6 |
1,3 45 57 67.4
2,4 22.5 57 59.8

It will prove useful to develop expressions for torques about the
spin axis caused by forces normal to the paddles acting through the paddle centers

LY -t T h a



A typical paddle projection showing the out-of-plane normal force R
Fn’ is constructed below:

F (out of plane)

The normal force may be resolved into: Fa = Fn sin ﬂ

F

]

p = F sin A cos ﬂ
The general torque equation is:
T=TxF
The torque about the spin axis, z, of the satellite is for any one paddle:

|
| T,; =aF, +bF

(asin,@ + b sin &K c:oslﬂ)Fni

=c, F .
ini

It is seen that while Fn might be a function of a number of varia-
i

bles including the angle of incidence, the part within parenthesis (ci) is a

function of geometry only and is independent of other variables. Solving for

15 AN A -
the value of S5 for sach paddls:




Symbol Units Paddle No.
lor3 2o0r 4
b in. 1.125 2.75
a in. 25.90 26.97
ol deg. L5 22.5
(% deg. 57 57
a sin (3 in. 21.7 22.3
b 8in &K cos B in. 0.433 0.573
c =a sinON + b sin OC cosf] in. 22.1 | 22.9
1 m 0.561 0.582

The torque about the spin axis for all four paddles is:

T =.25' T .
z N zi

= 2c1 Fnl +2c Fn

2 "n2

=2 x 0.561 Fnl + 2 x 0.582 Fn2
T,=1.122F , + 1.164 F o (nt-m)
2.3 Spin Axis Torques and Accelerations

The spin rate characteristic of Ariel II is an item of primary
interest because the satellite did not perform as anticipated. The measured
spin rate curve of Figure 1 illustrates how the spacecraft failed to maintain
a steady spin rate as expected but instead decreased rapidly from an initial
spin rate of 5.6 rpm down to 2.2 rpm then increased to 3 rpm. After two more
spin reversal cycles the satellite stopped spinning entirely about 190 days
after launch. The origin of Figure 1 is explained in references 1 and 2.

Since the spinning action of the spacecraft is essential to its
successful operation, an explanation of the actual spin rate behavior of the
satellite is of particular concern.

Torques about the spin axis which might explain Ariel II's spin rate

behavior include:
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a. aerodynamic
b. solar radiation
c. magnetic

Mr. David Blanchard of GSFC has made an analysis (unpublished at the
date of this writing) of Ariel II spin rate performance. He established that
magnetic torques were not significant and could be disregarded. He concluded
that aerodynamic torques were the only significant factors in altering the spin
rate of the satellite. Mr. Blanchard finally developed an equation which de-
scribed the spin rate performance of Ariel ITI solely on the basis of the aero-
dynamic torques provided by the solar paddles and the galactic noise antenna.
His developed spin rate curve closely matched the actual spin rate curve of
Ariel II for the 200-day period considered. His spin rate analysis and equation
were, however, based entirely on the assumption that the spin axis orientation

of the satellite remained fixed in space for the entire 200-day period.

It becomes evident, however, upon reference to Figure 2, that the
actual solar aspect angle differs markedly from the anticipated angle. This
variation can only be explained by distinct variations in spin axis orientation.
Although the vehicle is spin-stabilized, the spacecraft orientation varies from
its initial direction as will be developed later. This variation, although
minimized by the satellite spin, is a significant influence on spin deceleration.

An important aspect of the spin rate characteristic is that there
are three definite periods of satellite spin-up. Positive spin accelerations
can only be achieved by adding energy to the system. Aerodynamic and solar
radiation forces are both capable of increasing the angular momentum of the

satellite, whereas passive mangetic forces are incapable of such action.

The ensuing sections will estimate the aerodynamic and solar radiation
effects on the satellite in relation to the spin rate performance. It will be
shown that these effects can explain the spin-down and spin-up characteristics

of Ariel IT.

2.3.1 Equivalent Air Density

Inasmuch as aerodynamic forces were suggested by previous investi-

to spin accelerations, air density,
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an important subsidiary parameter, needed definition. The air density
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encountered by Ariel II is continuocusly variable since the orbit is eccentric
(e 7 0.07).

Ref. 11 provides estimated air density data which considers variations due to:

a. altitude - - in increments of 20 km
b. time of day - - in two-hour increments
¢. solar activity - - in ten graduated levels.

In order to calculate aerodynamic forces it is desired to establish
an equivalent mean value of air density which can be considered to be operating
over the full orbit, although it is understood that most of the aerodynamic
momentum change actually occurs near perigee.

It is estimated that the average solar flux in the 10.7 cm region

- 2
over the dates of interest (3/27/64 to 10/13/6L) is 75 x 10722 %ﬁ%—. This
value of sclar activity is equivalent to Model 21, corresponding to a level of

very low solar activity.

The density was averaged over a 24-hour period for each increment
of altitude from 290 to 500 km using the densities of Model 2, thereby pro-
viding a mean daily value of density for each altitude. A curve was then
plotted of log density ws altitude to provide a smooth function of the density

characteristic.

The eccentric anomaly, E, was then calculated for each altitude

using the relation:

l-ecoskE

r
a

or:

E = cos © [% 1- r/a)] (1)

The mean anamaly, M, is obtained for each altitude for the case
where M= 0 by using the relation:
M=E -esinE (2)

1. Harris, I,and Priester, W., The Upper Atmosphere in the Range from
120 to 800 km. Inst. for Space Studies, GSFC, NASA. August 1964.




The orbital time corresponding to each altitude is then calculated
for the case where to = 0 from the formula:

M= Mt (3)
and the mean orbital motion is: '
2m
P=r— (4)
a

where:
T. = anomalistic period.

<

A curve of altitude vs time was plotted to provide a smooth function of this
relation. Using altitude as the common factor, a curve of density as a function
of time was drawn. The area under this curve provides the time integral of

density per orbit:

orbit

T ) 3
1p 707 dt = 1.55 x 10710 k&/nC x min (5)

The equivalent mean density, /peq’ which is the density averaged over a full

orbit, but which is considered to act only at perigee, is determined:

SLeq ™ Ip/T, (6)
=1.53 x 10 1—‘%
m

This density value may be multiplied by actual orbit time to obtain accumulative
effects. Use of perigee position and velocity conditions will not introduce

significant errors, since the principal aerodynamic forces occur near perigee.

2.3.2 Aerodynamic Forces

The aerodynamic forces developed by complete gas molecule absorption
by the paddle are derived first in this section. From this point, equations are
generated for the three possible cases of:complete specular reflection of the
gas molecules by the paddles; diffuse reflection of the gas molecules; and a

combination of these two.

Assume a flat plate of frontal area, A, moving at velocity, v,

through a stationary medium of free gas moleculss of mass dsnsily,_s .



w

f

According to the continmuity equation the steady-state air mass flow past the
plate is:

h= LAV 1
If the impinging gas molecules were completely absorbed, the reaction force

that would develop on the plate as a consequence of the rate of change of

momentum is:

=& @) (2)
= 1 U~

Substituting (1) into (2) and considering that v is actually in the direction

of vehicle motion, the reaction force vector is:

F=-_Auf = (3)

where:

7 = unit vector of plate velocity

This reaction force is the aerodynamic drag force that would develop for perfect
gas absorption. An equivalent drag coeff%cient, CD’ of 2 could be used in the

familiar drag force equation, F = CDA j%%— . For a flat plate of surface area,

S, (one side) inclined at angle, i, to the velocity vector:
A=Scosi=5 (v °n) (%)

The aerodynamic drag force is then:r

s @ D) (P D

F
where:

unit vector normal to surface.

=3}
]



A. Specular Reflection

Assume specular reflection of reflectivity, Tos of the gas molecules
from the surface of area, 5. This condition assumes that the gas molecule re-

bounds from the surface with no loss in momentum.

The reaction force due to the incident energy is:

F,=-5 (X" n) (fud) & (5)

This force is equal to that developed by complete absorption.
The force due to the reflected energy is:

Fom - g 8" 0) (LB (6)

The resultant force is:

F=Fi+'fo
s R (LoD @ e (7)
The normal force is:
Fo=-5 (5" 2)? (Pfv?) @Q+r)n (8)

For the special case where rg = 1:

Fo=-25(&" )% (Lo?) (9)

-16-



B. Diffuse Reflection

&
S|

7

'F:‘ -

o
r-O

Assume diffuse reflection of reflectivity, Ty > of the gas molecules
from surface of area, S. This condition assumes that the gas molecules are
initially absorbed then subsequently emitted from the surface at thermal velocity
following Lambert's cosine law.

The reaction force due to the incident energy is:

F, =-S5 @ 1) (LLvd) o (20)

The force due to the reflected energy is:

Fo=-%ry8 (& 8) (P a (11)
The resultant force is:

F=-5@ 1) (L) & +5ryn) (12)
The normal force is:

F o=-5 @8 (_Pv?) [('.r- 5) +§rd] n (13)

C. General Reflection

For the more general case let us assume that reflection of the gas
molecules is partly specular and partially diffuse with reflectivities, P and

, respectively. The resultant reaction force is:

r
d
F=-5 ('n) (fu-'z) [&+rs&—1+-§-rdﬁ] (14)

-17-



The normal force is then:

o=@ R P [ D er, @)+ 2r] 5

n

Fo=s (&) (Lod) [arr) @ +5r,] 705

n

For the practical case cf the satellite in orbit, it appears that
there will be no significant molecular absorption sinece this would result in
a continual accumulation of gas molecules. It is likely that the reflection
process consists in part of specular reflection and the remainder of diffuse
reflection. Since the emitting surface is at relatively low temperature the
exit molecular velocity is statistically much lower than the entrance wvelocity.
Thus the diffuse reflection effects can be effectively disregarded. The normal
force can finally be obtained from equation (8) while allowing for operation

from either side of the surface.

= - .=l- = 2 =

F o=-5 (v n)Iu‘-nI(/ot/‘)(lJrrs)n (16)
The equivalent air density was previously determined to be:

Joeq =1.53 x 1072 kg/u>

Because of the eccentricity of the orbit the aerodynamic forces occur only near
perigee. Therefore, the velocity at perigee can be used without appreciable

error.
LI; = 8.01 km/sec

The value of the aerodynamic terms can then be obtained:
(Lo v2) =9.78 x 207 nt/u”

and:
5 (Lo 2) =1.52 x 107 nt  (for each paddle)

2.3.3 Aerodynamic Spin Torque and Acceleration

I. Solar Paddles

The limiting value of aerodynamic normal force on the solar

paddles is obtained by assuming that:

a. the satellite spin axis, z, is aligned to the perigee velocity

vector, U
’U"p

~18-



b. the specular reflection coefficient, Tos is 100 percent
The aerodynamic normal force on each paddle is:
2 . .
F o =-25 (/Dequ‘ ) cos i , cos 1' (1)

1. Paddle #1 (or #3) where i = 67.4°:

_ -6
Fnl = ~4.30 x 10 " nt

2. Paddle #2 (or #4) where i = 59.8°:

_ -6
Fr12 = -7.69 x 10 " nt

The consequent aerodynamic torque about the satellite axis produced
by the four solar paddles is:

T =1.122 Fnl

. + 1.164 F o (2)

=-1.38 x 10~ nt-m

This value of spin torque is averaged over the entire orbit.

The satellite is spin-accelerated by these aerodynamic forces acting
on the solar paddles. The equivalent aerodynamic acceleration about the spin
axis averaged over the orbit is:

«, -,
r/,

= - 2,13 ra,d/sec2
-0.176 rpm/day

(3)

The maximum spin-down rate of the actual satellite--occuring directly after

orbital injection where the angle. @, between z and ;}p is 7 deg — is:
\'e

L]

W (max) = -0.10 rpm/day
It is thus seen that aerodynamic torques are capasble of producing the spin-down
rates actually experienced by the satellite.

If we assume that the maximum aerodynamic torque produced by the
solar paddles is attenuated by a cos @
for the initial misalignment between z and ’&p and can estimate the specular

cos @ l relation then we can account

reflectivity based on the assumption that the spin-down is due solely to these

paddle forces:

-19-



l+rs 0.0
2 0.176 cos® 7o

which provides an estimated specular reflectivity of:
re = 0.15

It should be emphasized that the solar paddles are equally as
capable of causing the satellite to spin up as indeed the satellite actually
does. For example, on the 85th day the spin acceleration is +0.05 rpm/day —
half the maximum spin-down value.

II. Galactic Noise Antenna

The galactic noise dipole antenna consists of two weights each
of which is attached to a stranded wire. The centrifugal acceleration of the
weights maintains the antenna extended at a diameter of 130 ft.

Each weight has the following dimensions:

] .09 HOLE
f/
3 e o
tRlE=ft=——————
-
55 e i > | >losee

The projected (broadside) area of each weight is:
A =0.723 in?

The wirs 057 in.

consider the antenna wire to be attached at the spin axis.

-20-



The maxinmum despin torque condition occurs when the spin axis,
z, is normal to the perigee velocity vector, ‘;p’ i.e., when @ = 90 deg. This
condition is considered to occur at points of zero slope on the spin rate curve

b,

Y

Ve + U W,

of Figure 1, for example at the 69th day.

Jp
The component of velocity normal to either weight is
vn=wsl+v;sin¢s (1)

The normal force of the two weights assuming for convenience

that r, = 0 is:

F=-8 (A o7
=—A/0[((,.él+vi)l sin¢s| )2
@, 1- v, | sing,| )‘E)

= -4 P U’pwslsm ¢s (2)
The average value of this normal force is
-8
Fav— - Ap V"p ws 1 , 3)

The corresponding aerodynamic torque about the spin axis due to the two weights
is:
T

8 2
~ A_P u’p bls 1 (%)
Now consider the elemental normal force of the two wires:
dF=-7_%a_/° v, W, rdr (5)

where: a = projected area/ft of wire

-21-



The corresponding elemental torque experienced by the two wires is:

dT=—.,%a/u'pwsr2dr (6)

Integrating over the length of the wires the aerodynamic torque is:
1

=_8 2

T=-p2a/ u"pws / r® dr

='3%A ‘u':l.re/a"'pwsl2 )
The combined aerodynamic torque of the weights and wires is then: V
r=-% /U};wslz (Awh+%Ame) (8)
Mg+ 3 A ipe = 1.003 x 1072 o
= 19.81m

P=1.53x 10712 kg/m3

U; = 8.01 km/sec

@ =90 deg at D = 69
H69 = 0.230 ra.d/sec (or 2.2 rmm)
The aerodynamic torque produced by the weights aﬁd wires on the 69th day where

the spin axis, z, is normal to the perigee velocity vector, ;p’ is then calcu-

lated using equation (8):
- -8
T69 = - 2,82 x 10 " nt-m

The corresponding acceleration about the spin axis is:
mz =1/ Iz

= -4.38 x 1070

rad/ sec®
= -3.62 x 1074 rpn/day

This value corresponds to the condition of maximum magnitude of acceleration,

but is still orders of magnitude lower than the maximum magnitude of acceleration
produced by the solar paddies alone. A choice of r, = 1.0 would have only in-
creased this magnitude by at most a factor of 2.

AIIZL S e oY A 3 + i
Additional aerodynamic torgues ar her vehicle
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For all practical purposes the aerodynamic spin accelerations
can be considered to be produced solely by the solar paddles.

As the direction of spacecraft orientation is reversed (@ >
90 deg), the relative wind on the solar paddles will develop a positive spin
acceleration or spin-up condition of equivalent magnitude. The solar paddles,
which act as a four-bladed propeller, provide the only means by which the
spacecraft can increase its angular momentum. The center body and all the
other spacecraft appendages are incapable of producing a positive spin acceler-

ation.

2.3.4 Solar Pressure Spin Torque and Acceleration

The solar pressure on a perfect absorber for normal incidence at
earth orbit is:

ol

= 4.5, x 10°° nt/m? (for absorptivity,GC,= 1)
Assume 100 percent specular reflection (rs = 1) and assume that z is aligned to
s —— conditions which produce a maximum torque about the spin axis.

The normal force exerted by solar radiation on the solar paddles is provided by
the relation:

F,o=-2 (%) S cos i / cos il (1)

For paddle #1 (or #3) where i = 47.4°:

- =7
FnI 2,10 x 10 ' nt

For paddle #2 (or #4) where i = 59.8°:
F o =-3.60 x 1077 nt

The consequent radiation spin torque developed by the four solar paddles for
the case where z = g and ry = 1l is as previously determined:

T =1.122 Fn + 1.162 Fn2 (2)

1
= —6.54 x 107/ nt-m

The resnlti

t maximmm spin acceleration due to solar pressure on the solar
paddles is:
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o, =i, -1,
-1.01 x 1078 rad/sec2

= -8.34 x 107 rm/day

This value of spin acceleration is the maximum that could be achieved, since

it is based on these assumptions:

a. There is 100% reflection of the incident solar power;
b. the reflection is purely specular; and

¢. there is 100¢ sunlight during the entire orbit.

In the actual case, the spin acceleration due to solar pressure will be less

than this limiting value for the following reasons:

a. the reflectivity of the solar panels is obviously less than
100% since a portion of the incident sunlight is converted to electrical power

b. the solar aspect angle is never zero but instead has a minimm
value of 30 deg at the 60th day

c¢. the amount of sunlight during an orbit varies between 63 and
100 percent but is less than 70 percent for 68 percent of the time over the
first 200 days.

Based on the above considerations, we can estimate the value of the spin
acceleration on the 60th day to be:
0, = -8-43 x 107 x 0.5 cos® 30° x 0.68

= -2.20 x 107> rmm/day

This value of spin acceleration is only 2.2 percent of the maximum measured
spin acceleration of -0.10 rpm/day. Maximum despin of Ariel II occurs on the

first day, but at this time the solar aspect angle is 87 deg so that the solar
effects are negligible at this time.

Thus we see that solar pressure effects are not a significant factor

in causing satellite spin-down.

2.4 Spacecraft Orientation

It is readily apparent, after reviewing the solar aspect angle as
plotted in Figure 2, that the spacecraft orientation is definitely not fixed in



space. Although the satellite is a spin-stabilized vehicle -- spinning about
its stable axis with a considerable angular momentum -- the craft is subject

to definite disturbances which result in precessicn.

The purpose of this section of the report is to determine the most

probable trajectory of spin axis orientation.

No attitude sensors were installed on Ariel II so attitude infor-
mation must be inferred from known orbital elements, satellite spin rate (Figure
1) and solar aspect angle (Figure 2). These latter two characteristics were
themselves deduced indirectly from telemetered data covering the first 200 days

in orbit.

2.4.1 Velocity Aspect Angle

It was previously determined in Section 5 of this report that the
aerodynamic torques exerted by the solar paddles in the vicinity of perigee were
responsible for essentially the entire spin rate behavior of the spacecraft. As
a necessary step in establishing vehicle orientation it is desired to determine
the velocity aspect angle (or angle of attack) as a function of time. This
angle, Ov’ is defined as that angle between the spacecraft spin axis, z, and

the perigee velocity vector, C;bc

The acceleration characteristic about the vehicle spin axis, as
illustrated by Figure 3, was obtained by differentiating the spin rate character-
istic of Figure 1. As may be observed, the initial spin acceleration is -0.10
rpn/day--corresponding to a condition of maximum spin-down. The maximum spin-
up occurs at the 85th day where the maximum spin-up is 0.05 rpm/day--half the
magnitude of the original spin deceleration. Two other periods of positive

spin acceleration occur.

Knowing the spin acceleration,(]ﬁz, the aerodynamic torque that
produced that acceleration may be readily calculated from the relation:

T,=1, CT.Z (1)
The problem then becomes cne of determining the function relating vehicle angle
of attack to the aerodynamic torque developed about the spin axis.

The two pairs of solar paddles are attached to the spacecraft struts
with different angular settings. Geometrical interference or shadowing becomes
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a definite factor in modifying paddle torques. Depending on the vehicle aspect
angle the center body may cyclically shadow variable portions of the paddles
during part of the spin revolution while the solar paddles also shadow each
other in a cyclic and complex fashion. Because of the complexity of the shadow
problem, and in view of the relative lack of precision in derived pertinent

data, a rigorous investigation could not be justified.

In deriving the aerodynamic force exerted on a spinning paddle
consider the following diagram:

N

The instantaneous angle between the perigee velocity vector, Ji” and the
individual paddle normal, n, may be calculated from the relation:
i
cosﬂ = cos Ov cos O + sin Gv sin L cos 41/ (2)

where 'f)is spin angle.

Since spin torques are determined only by forces normal to the paddles, the
general normal force equation for an individual paddle is:

o [ or 6]+, nfl)
Fn—Sfu- [(1+rs) coslg cos ﬂ +3 ry coslg (3)

As indicated in Section 2.3.2 theeffects of diffuse aerodynamic reflections are
negligible, so equation (3) can be effectively simplified to read:

FnéS/U’z [(1+rs)cosﬂ/cosp,] (L)

The above equation is valid only for the theoretical case of no
shadowing. In the actual case equation (4) must be modified to take shadowing

into account. Those portions of equations (3) and (4) within brackets were

e

P U T S
Dy 1nvegravis

for three completely arbitrary combinations of reflectivities (rs =1, Ty = 1,

+

ver oné spin revolution for various values of QV and

27~
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and rg=Try = 0.5)*% The spin torque developed by the four solar paddles can
then be determined by applying the paddle normal forces to the torque equation
previously developed in Section 2.2:

T=112F+ 1.164 F o (nt-m) (5)

This torque variation, which is a function of the velocity aspect angle, Ov,
can be applied to the actual spin torque history of the satellite to obtain
the velocity aspect angle, Qv, as a function of days from launch. An example
is presented in Figure 4 for the arbitrary case where r, =T, = 0.5. Shadowing

effects were not included in developing this curve.

A simpler and more intuitive approach was also made by assuming that
the actual aerodynamic spin torque deveioped by the solar paddles varied simply
as a function of velocity aspect angle, Qv, as Iindicated below:

T = Sv}DLrg (1 + rs) cos 8 / cos OV, (6)

The results of equation (6) when combined with the spin torque history of Ariel
II are presented in Figure 5 which presents the velocity aspect angle as a func-
tion of days from launch. Subsequently discussed analysis lends more credibility
to the results of Figure 5 than to those of Figure i.

2.4.2 Spin Axis Orientation

The orientation of the spazecraft may finally be determined based

on a knowledge of these four parameters:

a. solar position
b. solar aspect angle
¢c. position of perigee velocity vector

d. velocity aspect angle.

The position of the sunline, &, for the 200-day period is plotted in celestial
coordinates in the curve of Figure 10 of the Phase II report. The time plot

of solar aspect angle,s'a, is shown by Figure 3 of the Phase II report. The
direction of the perigee velocity vector, :;b, is presented in celestial co~
ordinates for the 200-day period by Figure 12 of Phase II report. The velocity

*This analysis was carrlied cut pricr to conzluding that rq can be disregarded
as stated in section 2.3.2. Taking rys »ill change the numerical results of the
present section somewhat, but will not alter the conclusions of the report.
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aspect angle, Ov, is indicated in Figure 5 of this report as discussed in the
previous section. The orientation of the spin axis, z, may be solved for any
particular day by simultaneously solving the two sets of conditions as illus-
trated by the following diagram.

celestial
spheve

The sun angle, cfs, measured from the sun position, s, forms a minor circle of
position on the surface of the celestial sphere. Concurrently, the velocity
angle, Ov, measured from the spatial position of the perigee velocity vector,
(rb, forms another minor circle of position. These two circlfs of position
intersect in the general case at two distinct points, z4 and Z,, on the surface
of the celestial sphere. One of these two points must coincide with the actual
orientation vector, z, of the spacecraft, while the other is fictitious. In
fact, one of the problems is to determine for sach time which of these two points

is real. This problem of distinguishing the real orientation for a particular
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(a)

Occasionally, due to incompatible data, the situation presented by either
figure (b) or (c) will develop, in which case the singular point, z, is
arbitrarily taken as shown:

) Ov
b -+ —>
3
(b)

The element of uncertainty of point selection is removed at each of these

unique points. The initial orientation, ;o’ as described in Section 2.2.9 of
the Phase II report, provides an accurate, well defined starting point. The
procedure used to describe the most probable trajectory of the orientation
vector was to plot all points in celestial coordinates -- declination vs right
ascension -- with time indicated at each point. The more likely points were
selected on the basis of a smooth, consistent progression of points. In most
cases there is little doubt about which point is the more probable one. The
most probable trajectory of spacecraft orientation, %, is portrayed in celestial
coordinates by Figure 6. Points are ploited approximately every five days.

For reference purposes curves of sunline position, s, and direction of perigee
velocity vector,if;, are also displayed on this plot. Interestingly, the
aerodynamic model--used to derive velocity aspect angle, Ov, --which provided
the most campatible, consistent and smoo:h orientation data was that correspond-
ing to figure 5 which wa# based on the ¢35 6 . | cos O ! relation and which is

certainly only an approximation of the *‘rue picture.

-3i-



uotrqequUeTI) 3Jeaoedrdg ¢ aandTg

(93A4) ‘70 ‘NOISN3IOSVY 1HOIY

09¢ 042 08| | 06 95 -
T T—1 | T—1 T 1 ﬂb T T T T | p—
i HONPNVT WOHd4 SAVQ OL HI434 SHUIEBNAN
09—
02-¢ -
ow.. o .
O¢—
o.w_ . <
02- Oy .
0
ozl os | J 5
_ nﬂ . ..Il.yom
;i (o]} Y
NITNAS Y \oo 7
| 09
Z'¥OlLO3A
NQILVLINIMO TSIXY -NIdS ALIOOT13A 3[39143d
P 1 - i 4 L [ L P 06

NOILV1IN3IH¥O

14vd¥4030VdS

(93qQ) * Q ‘NOILVYNITD3Q

[
o



The spin-axis orientation vector, z, is seen to move slowly from
the initial position, Eo‘ As time progresses (and the spin rate decreased) the
spin axis moves more rapidly in space and establishes a more erratic motion.
The orientation vector appears to wander about in a random fashion, but the
amount of actual orientation wander over the 180-day period considered is
surprisingly small:

Celestial Total Angular
Coordinate Change (deg)
right ascension 25
declination 124

Thus while the spacecraft orientation does not remain fixed in space, Ariel II
does appear to be reasonably well space-stabilized over the half-year period

under consideration.

2.5 Spacecraft Stability

Ariel II was initially spun up about its Z-axis, the axis of maxi-
mun moment of inertia. This spin axis is definitely the stable axis -- main-
taining its stability despite energy dissipation within flexing spacecraft
members and appendages. There is no definite evidence to indicate that the
craft spun about any axis other than the principal Z-axis, although it must be
admitted there were isolated bits of inconsistent telemetered data which would
have been easier to explain if the craft had been tumbling about.

The spacecraft may be considered to consist of two separate spin-
ning systems:

a. a relatively rigid center body with fixed appendages

b. the galactic noise dipole antenna composed of weights and thin

flexible wires.

The antenna is spinning in a plane which is presumably normal to the spin or
Z-axis of the spinning center body. The antenna weights due to centrifugal
acceleration resulting from the spin rate ensure that the antenna retains the
form of a flat dipole. The antenna wires are attached to the center body and
are then fed through the two diametrically opposed galactic antenna booms which

act as wire guides. The booms are in turn rigidly fastened tc the center body.
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The center body by itself is also a stable body and will thus tend
to spin about its own Z-axis. If we now consider a disturbance torque to act
upon the center body, we might expect a consequent angular precession to develop
about the momentum vector of the center body and about the undisturbed antenna
axis of rotation. Any precessional movement of the center body relative to the
antenna spin axis would as a result of the constraint offered by the boom guides
cause the antenna weights to be reeled in. This action would be strongly
opposed by the centrifugal acceleration of the weights. It may be concluded
therefore that the entire spacecraft is essentially a rigid body system, i.e.,
the spin axis of the center body maintains itself in virtual aligmment with
the spin axis of the entire satellite system. Any disturbance torques acting
on the center body will be resisted by the total angular momentum of the space-
craft, and the entire spacecraft will accordingly precess as a single physical

unit .

2.6 Precession Torques

It becomes apparent after reviewing Section 2.4.2 and Figure 6 in
particular that the orientation of Ariel II did not remain fixed in space, as
one might expect of a spin-stabilized craft, but instead wandered about in space
in a seemingly random fashion. Nevertheless, the amount of wander over the
180-day period for which data was available proved to be surprisingly small,
indicating the effectiveness of the spin stabilization. As mentioned in the
previous section the maximum departure from the initial orientation vector,

Eo’ was only 254 deg in right ascension and 124 deg in declination.

The maximum rate of change of spacecraft pointing direction is on
the order of 27 deg/day between the 125th and the 128th day where the spin rate
is 1.8 rpm.

Even though Ariel II did not in the first 180 days deviate a great
deal from its initial direction in space, the fact remains that it did move
about to some extent. This change in Ariel II orientation can be explained as
the accumulated effect of the several precessional motions developed by the
vehicle as a consequence of disturbance torques exerted on the spacecraft.

The disturbance torques likely to be a factor in Ariel II's attitude behavior

include:
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a. gravity gradient
b. aerodynamic

¢, solar radiation

Since the latter disturbance torque is similar in effect to aerodynamic dis-
turbance torques but is considerably smaller in degree it will not be con-
sidered further.

The anglse, v s between the orbit vector, ;o’ and the spacecraft
orientation vector, z, was calculated at 10-day intervals and is plotted as
a functicn of time in the curve of Figure 7. Although the angle oscillates
back and forth, it is noted that its departure from a nominal 90-deg level is
only +33 deg and -51 deg. It is also interesting to note in the case of Figure
5 that the velocity aspect angle, Qv, generally oscillates about a nominal 90-
deg level also, Despite these two observations, there unfortunately is no
definite trend toward any specific angular correspondence between the perigee

radius vector, ;p’ and the orientation vector, z.

Gravity gradient torques and aerodynamic disturbance torques will
be briefly discussed in the following sections.

2.6.,1 Gravity Gradient Torques

The dominant terms ~f the equations expressing the gravity gradient

torques on the satellite are:

- _3 X - i
Ter =-3 rB (Iy Iz) sin 2 Qx (1)
: - .3 K ( _. .
TGy 5 r,3 (,Lx Iz) sin 2 Qy f (2)
where:
3
5 km
K =3.986 x 10 .
secz \(
_ | 4
rp = Re: +h /
, ~
= 6371.3 + 289.5 N
= 6660.8 km

—X

a = 7202 km
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I = 61.79 Kg-m°

I =8.68 Kgﬁmz
and 4 5
IZ = 64.70 Kg-m
To obtain the mean gravity gradient torque during each orbit, sub-
stitute the semi-major axis, a, for r:
2 K _3__3.96 x10° lw/sec?
3 3 2 (7.202 x 103)3 km3
6

= 1.61 x 100 sec™?

The torques introduced by gravity-gradient are then:

Tq = 1.61 x 1070 (64.70 - 8.68) sin 2 o
X
= 9.01 x 107 sin 2 0_ nt-m (3)
T, - 1.61 x 1070 (64.70 - 61.79) sin 2 o
= 4.68 x 107 sin 2 6 nt-m (4)

It is seen that TG is much smaller than TG and therefore TG will be dropped
y x y
from further consideration.
The gravity-gradient torque about the satellite's X-axis attempts to align
the Z-axis to the local horizontal plane (normal to the local geocentric vertical).
This torque acting on the spinning satellite produces a cyclic (related to
spin angle) precession of the Z-axis about the local geocentric vertical. The
Y-axis will attempt to align with the radius vector, r (local vertical) since

¥y is the principal axis of least inertia.

2.6.2 Aerodynamic Precession Torque

The aerodynamic disturbance torque appears near the perigee condition
each orbit. It is largely determined by the aerodynamic forces exerted on the
four solar paddles and on the center body. Since the solar paddles have con-
siderably longer moment arms, much of the aerodynamic torque is developed by
the paddles, although the center body and solar paddles do shadow each other.

The center-of-pressure of each paddle is alternately 0.559 m and 0.507 m below
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the center-of-mass of the satellite--measured along the Z-axis. Since the

solar paddles act like a trailing four-bladed propeller, the aerodynamic pre-
cession torque will strive to continually align the Z-axis with the perigee
velocity vector. Because the satellite is spinning, an angular precessional rate
will be developed normal to both the spin vector and the velocity vector.

Using the arbitrary reflection characteristics of rg =Ty = 0.5 and assuming

no shadowing, a rough estimate was made of the aerodynamic disturbance torque

as a function of velocity aspect angle.

This approximate function is shown in Figure 8. As an example let
us consider the case of the 128th day:

Qv = 90 deg

T = 2.65 x 107 nt-m (at 6 = 90°)
Wy = 1:8 rm (from curve of spin rate)

0.1882 rad/sec

I = 64.7 kgm®

The spin momentum is:

HZ = IZ wz

64.7 kg-m2 x 0.1882 rad/sec

= 12.19 nt-m-sec

Since the precession torque relation is:
T = WH
z
the rate of angular precession is:
W =1/,

_2.65x 10t - m
12,19 nt - m - sec

= 2,18 x 10_6 rad/sec

= 10.8 deg/day

The above estimate of angular precession rate of the spacecraft orientation
vector illustrates that aerodynamic torques are capable of producing much of

the attitude drift rate experienced by Ariel II.
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2.7 Dynamical Conclusions and Recommendations

It is concluded that the spin rate behavior of Ariel II can be
readily explained as the result of aerodynamic spin torques exerted on the
solar paddles which act as a four-bladed propeller. Because of the elliptical
orbit these torques occur only near the perigee condition each orbit. The
relatively large spin deceleration experienced at the beginning of the flight
developed because the vehicle initially was nearly in aligmment with qhe
perigee velocity vector. Subsequent periods of spin acceleration were produced

as a consequence of reversals in the relative wind.

It is further concluded that the relatively small attitude wander
of the spacecraft's orientation vector is the result of gravity gradient and
aerodynamic disturbance torques. A substantial precession rate was calculated
for the aerodynamic precession torque, and the maximum gravity gradient torque
was shown to be of the same order of magnitude as the aerodynamic torque.

It is recommended that no further effort be expended on the dynamic
analysis of Ariel II for the following reasons:

a. The present effort provides an adequate explanation of the spin
rate behavior of the satellite. Spin rate is the area of primary interest since
it directly involves the operational effectiveness of the experiments aboard the
satellite. These experiments rely on satellite spin for their scanning
means, and the galactic noise dipole requires a spin rate to retain its form.

b. The attitude information is subject to definite errors which
may at times be significant since these data could not be measured directly
and had to be entirely derived. A number of assumptions had to be made while
developing this attitude information. Therefore it is felt that the quality
of the attitude information, while adequate for the qualitative work already
performed, is not such as to warrant further effort.

It is recommended that on future spacecraft designs, when operating
within the sensible atmosphere of the earth, that careful attention be given
to the spin torques which could possible be developed by unsymmetrical aero-

dynamic surfaces such as solar paddles, radiators, and other large surfaces.

Tt is further recommended that attitude and attitude rate sensors

be installed on 211 significant spacecratt, particularly when they are
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experimental or developmental in nature. Provisions should be made to either
store this attitude information or provide such information on a continual
basis so that it can be telemetered back to earth on either a programmed or a

command basis.

3.0 POWER SYSTEM PERFORMANCE

This section is a3 presentation of the results obtained from Phase
I1I effort in the analysis of the power system performance of the UK-2/S-52
International Satellite. The Phase III effort is essentially an :extension of
Phase II wherein the data of Phase T was examined with respect to prelaunch
performance data to note and document gross defects and/or anomalous behavior
of the power system.

Briefly, the results of Phase II may be summarized by stating that
no permanent faults were observed, and with the exception of the following
anomalies, the power system performed successfully with respect to the long-
life requirements of the UK-2/S-52 satellite. Anomalous behaviors cited were:

1. Unusual variation of telemetered performance parameters and a

lapse of telemetry in orbit number 415.

2. Low output power from solar cell array in orbit number 704.

Also a Phase Il recommendation was to determine solar cell array degradation
as a function of time.

In Phase III the anomalous behaviors noted in Phase II are examined
in greater detall to explain the probable cause. Further analysis of Phase I
data is made in an attempt to determine the degradation of the battery and the

sclar cell array.

3.1 Battery Performance

The data available which relates to the battery are performance

parameters:

PP No. 07 - Unregulated Bus (battery terminal voltage)
PP No. 10 - Battery Current
PP No. 11 - Battery Temperature

Iy

This data has been analyzed ¢ 1) determine degradation of terminal voltage,

2) determine degradation of charge efficiency, and 3) determine if the standby

~1,2—~
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battery was used. It was concluded in Phase II studies that the standby battery
was not employed since the 18 hour interval timer was never activated. The
analysis performed herein is aimed at supporting the preliminary conclusion by

the presentation of additional evidence.

3.1.1 Battery Terminal Voltage

A curve of maximm battery terminal voltage versus battery temp-
erature is shown in Figure 9. The data was obtained from the 200-day graphs
of Phase I, and each data point is referenced according to days from launch.
Since a favorable power balance existed, the maximm terminal volté.ge observed
corresponds approximately to that of a fully charged battery. Similarly, high
battery temperature would occur during daytime as the battery overcharged.
(It is interesting to note however, that the variation of battery temperature
in a given day-night orbit was in general 4°C or less.) Averaging the data
points, two distinct slopes are obtained. The minimm slope corresponds to
battery terminal voltages where voltage limiting action by the battery charge
and protective circuit occurred. Voltage limiting is accomplished by a reduction
in battery charge current and occurs only at cold temperatures due to the
characteristic negative temperature coefficient of battery terminal voltage.
16.34 and 16.43 volts are the average voltage limit pointsat 16°C and -15°C
respectively. The 90 mv change in voltage limit point for a 31°C temperature
change corresponds with pre-launch data of -3mv/oc stability of the voltage limit
electronics. The absolute values appear to be shifted downward approximately
0.1 volt, however this apparent error is only 0.6% and may be attributed to

measurement resolut ions in pre-launch and post-launch data.

The conclusion drawn from the data of Figure 9 is that no apparent
degradation in battery terminal voltage occurred over the 190-days where data

is availsble,

3.1.2 Battery Charge Efficiency

In general, the terminal voltage of the battery is not indicative
of the battery charge state because of the plateau region in the voltage-
ampere hour characteristic of a Ni-Cd cell. Hence there are no exact means
of determining the battery charge efficiency in a particular charge-discharge
cycle. It follows that the ability to determine degradation in charge efficiency

as a function of time is limited.
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A characteristic of the Ni-Cd battery does exist whereby terminal
voltage can be used as a rough indication of charge state. At cold temperatures,
less than approximately 15°C, the terminal voltage rises rapidly above the )
aforementioned plateau region in the terminal voltage-ampere hour characteristic
as the battery approaches the fully charged state. This phenomenon occurs as
the battery begins to "over-gas". The over-voltage limiting function of the
battery charge and protective unit in the power system was designed to capitalize
on this battery voltage phenomenon and thereby reduce charging current to
minimize "over-gasing".

Since maximum battery terminal voltage as a function of temperature
in Figure 9 showed no unusual variations with time, it was decided to plot a
scatter diagram of battery charge time versus days after launch. The "charge
time" is defined here as the time required to reach a specified terminal voltage
after entering sunlight. Sunlight entrance times were determined from percentage
sunlight curves of Phase I, and the charge time to specific voltages determined
from the camposite orbit graphs, also of Phase I. The data points shown in
Figure 10 are labeled with the percent sunlight, battery temperature and aspect
angle to enable correlation of similar conditions which affect battery charge
time. Correlation of percentage sunlight is important since the discharge
ampere-hours in darkness would be equal (assuming consistent load). Battery
tempsrature is important since charge efficiency is related, becoming better
at cold temperature. Aspect angle affects the solar array output current as
a function of time, when the: satellite enters daylight. It is believed that
aspect angle is of least importance, and the assumption is made that the
effects of solar cell array degradation are negligible since excessive solar
current was available shortly after daylight entrance.

Correlation of a few data points at 16.0 volts is shown by straight
lines A and B. Line C shows the charge time to 16.35 volts with correlated
conditions of line B. Although the data may be interesting, the assumptions
that must be made, the limited data available, and the accumulative errors
possible in data measurement and reduction shade the results. However, be
that as it may, the analysis does not indicate a degradation in battery charge

efficiency.
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3.1.3 Battery Temperature

Maximum and minimum battery temperatures of 59°C and -14.5°C occured
at 98-days and 57-days, respectively, according to the 200-day graphs of Phase
I. From the battery cell specification3 the expected range of ambient operating
temperatures, typical of flight conditions, was -5°C to +40°C. Storage temp-
erature and operating temperatures, for design qualification, were specified
to be -30°C +2°C to +60°C +2°C and -15°C #2°C to 50°C +2°C, respectively. Al-
though anticipated ambient teémperatures were exceeded, the specified operating
temperatures were exceeded only at hot tamperature. The 59°C measurement of
battery temperature may be subject to large error since the range of the temp-
erature measurement was bounded at 60°C. The fact that the battery was operated
(at least continually charged at 500 Ma. since 100% sunlight at the time) well
beyond the specified operating temperature of 50°C with apparently no damage
is a creditable note to the quality of the Ni-Cd battery cells.

In further regard to battery temperature, a maximum temperature
rise of 23.3°C above lower shelf temperature was predicted4 for continual over-
charge (7.40 watts dissipation). In the period of 96 to 100-days, where 100%
sunlight existed and the battery was dissipating 7.45 watts due to continucus
overcharge, the battery temperature rise above lower shelf temperature was
approximately 20°C. Although batiery temperature sensing for the purpose of
limiting charge current was originally planned for the battery charge and
protective circuit, it was not used in the flight satellite since analyses of
lower shelf temperature and battery temperature rise showed no need fof
temperature limiting by reduction of charge current. It is now believed that
temperature sensing should have been included to help prevent excessive operat-

ing temperatures.

3.1.4 Standby Battery

The minimum unregulated bus voltage observed, from the 200-day graphs,

was 13.75 volts at day 135. This fact, coupled with the fact that an 18 hour
"transmitter off" period which follows an undervoltage condition was not ob-
served, indicates that the standby battery was not employed. To further support
this conclusion is the consistent behavior of battery terminal voltage versus
battery temperature shown in Figure §. (Battery temperature, PP No. 11 assoc—

iated only with launch-time "on-bus" battery.) Furthermore, maximum battery

_h7-



temperature as related to maximum lower shelf temperature ranged from O to 5°C
higher except for three periods of high percentage sunlight. In these periods
(22 to 31, 95 to 101 and 167 to 169 days) battery temperature rise above lower
shelf was significantly higher, 10 to 20°C, thus indicating the launch time
"on~-bus" battery was still on the bus.

3.2 Solar Paddles Performance

The current output of the solar cell array, unlike battery terminal
voltage for example, fluctuates widely within a given orbit. The spin modulation
and the rapid temperature changes of the solar paddles after sunlight entrance
are primarily the factors affecting solar current variations within a single
sunlight period. Over a period of days the changing aspeét angle affects the
solar paddles output current. These orbital and day-to-day influences on solar
paddles current cause considerable difficulty in any analysis of solar cell

array degradation.

One method employed to analyze the solar cell array performance was
to determine, from the composite orbit graphs, unregulated bus voltage (PP07),
paddle No. 4 temperature (PP12), and percent sunlight data corresponding in
time with the maximum observed solar current (PP09) for the same orbit. The
aspect angle was also determined by reference to the curve of aspect angle versus
days from launch which was calculated in Phase II. Using the curve of Figure 11,
reproduced from data presented in reference 5, the effective paddle sides for

particular aspect angles were determined, and all observed maximum solar currents

were increased by the ratio of [2.27 (maximum effective paddle sidesi] : [;ffective

paddle sides for the given aspect angle:]e

A scatter diagram of the normalized solar current versus days from
launch is shown in Figure 12. Data points are labeled with the observed paddle
temperature and unregulated bus voltage. Correlation of data having approxi-
mately equivalent conditions should provide an indication of solar paddle
degradation. It is observed that at days 36 (orbit 508) and 148 (orbit 2109)
approximately equal conditions of bus voltage and solar paddles temperature
exit. Also at days 1 (orbit 10) and days 141 (orbit 2010) equivalent con-

ditions are noted. The apparent degradation of the solar cell array is then
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Orbit Maximum Current Observed (Normalized)

10 3.06 amps
2010 2.48 amps
-1
0 §°1° (100%) = 19%.
p

Average Degradation = 0.0095%/orbit
(= 0.136%/day)

Orbit Maximum Current Observed (Normalized)
508 2.86 amps
2109 2.41 amps
1, -1
208 2109 (100%) = 15.7%.
508

Average Degradation = 0.0098%/orbit
(= 0.14%/day)

The solar paddles were subject to large temperature variations,
typically in excess of 50°C, for orbits of approximately 100% sunlight. The
rate of change of temperature as a function of time was approximately 2°C/Min.
and it is expected that relatively large temperature gradients would exist on
the paddles. Such gradients would affect the current output of the active
series strings of solar cells (4 paddles, 4 strings per paddle, 48 series sub-
modules per string, and 7 parallel solar cells per submodule) because of the
temperature dependence of solar cell output voltage (2.3 mv/°C per cell). The
maximum solar currents observed and plotted in the scatter diagram of Figure 12
occur during the high rate of change in paddle temperature and therefore are

subject to a number of unknowns.

In reference 5 it was predicted, assuming a probably worst case
condition of variables influencing the preservation of adequate electrical
power, that the N-on-P paddles would provide a confortable power balance for at
least 150-days. The anticipated hard particle radiation effects of energetic
electrons was predicted to be as follows within a period of 150-days:
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Current from

Elapsed Time Radiation "
- Unradiated Paddle (-)
Following Launch Dosage Current Degradation of Radiated Paddle

(Days) (MEV Electrons/cmz) L Liese

0 0 100 100

150 1.5 x 1012 65 ™

Av. = 0.23% Av. = 0.15%
per day per day

— i

*NASA-GSFC "Specification for Determining Relative 1 MEV Electron Radiation
Damage for Silicon Solar Cells", Spec. No. 63-106, Oct. 31, 1962.

]

o]

##*F, M. Smits, W. Rosenzweig, W. L. Brown, "Report of Solar Cell Work at Bell
Telephone Laboratories" dated 27 February 1962, Proceedings of the Solar Working
Group Conference, Vol. I, Radiation Damage to Semiconductor Solar Devices.

The degradation above was the effect of radiation on short circuit
current. Assuming that this degradation in output current may be extrapolated
toward the open-circuit condition, the results of the degradation analysis of
0.14% per day, on the average, relates fairly well to predicted degradation due
to hard particle radiation.

The results of the analysis performed for solar cell degradation
are not as conclusive az desirable due to the limited amount of data available
from Phase I which fits into the correlation scheme. It appears, however, from
available data, that solar cell array output current decreased due to anticipated
causes, i.e., discoloration, radiation damage and micrometeorite erosion, and

that no major malfunction was encountered with the solar paddles.

3.3  Regulators

The low voltage power supply system is shown in the simplified dia-
gram of Figure 13. This diagram is presented to review the interrelationship of
the power supply functional blocks. Also shown are a few of the power supply
loads which relate to a later discussion, section 3.4, of the anomalous behavior

of performance parameters in orbit 415.

3.3.1 Battery Charge and Protection Circuit

The battery charge and protection circuit, whiech ineclindes the shunt

regulator employed for dumping excess solar paddles current, performed the
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functions of battery terminal voltage limiting (reference section 3.1.1) and
battery charge current regulation as predicted by pre-launch data. It is
appropriate to note in regard to Phase I data that the battery charge current
decreased below the 500 Ma. +2% level at cold temperatures due to two reasons
First, when voltage limiting occurs at cold battery temperatures, the charge
current is reduced to a value required to maintain the battery terminal voltage
at the limit point. Second, the charge current is reduced at cold temperatures
to compensate for increased battery charge efficiency. Reduction of charge
current is a function of the temperature of the charge current regulator elec-
tronics, and a linear decrease from 500 Ma. to approximately 385 Ma. is obtained
in going from 20°C to _15°C. From 20°C to 50°C the charge current is regulated
at 500 Ma., +2%. The characteristics of the charge current regulator are dis-
cussed here to explain the excursions of this parameter which were reported in

Phase II as a possible anomaly.

3.3.2 Plus and Minus Regulators

The performance parameters which relate to the regulated power
supplies are +15 volts (PP No. O4), G. N. Reel +12V (PP No. 08) and battery
current, discharge (PP No. 10). As shown in Figure 13, the +15V is obtained
via the inverter, while the +12V is obtained directly from the unregulated bus.
The regulation of these supplies was within the +0.1 volt limits predicted by
Pre-launch data (within measurement resolutions) except for the anomalous period
in orbit 415. The performance of other regulators (plus 3, 6, 6.5, 7.5V and
minus 3, 4, 6, 18V) are not directly known; however, the behavior of battery
discharge current (regulators and associated loads) was not abnormal and the
performance of the satellite electronics in general attest to the satisfactory

performance of the ummonitored regulated voltages.

3.4 Power System Anomalies

3.4.1 Orbit 415 Anomaly

The anomaly in orbit 415, reported in Phase II and illustrated by
plots of performance parameters from time 21/55/00 to 22/07/00, may be described
as an unexpected variation in magnitudes of parameters for approximately a 4-
minute period and a lapse in telemetry for approximately 3-minutes. Furthermore,

the magnitude changes occurredin discrete steps before loss of telemetry, and
after the 7-minute period in question, performance parameters returned to normal.
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Assuming a power system fault responsible for the anomaly,
hypotheses are developed which can explain the observed phenomenon. The follow-

ing factors are considered:

1. The fault occurredin a sunlight period during the 29th day after
launch. From the 200-day graph of percent sunlight (Phase I) it is observed
that 100% sunlight existed from approximately day 23 to day 30. At day 29 the
highest lower shelf temperature (15°C) was experienced since launch. Temperature
excursions of the lower shelf were a maximm and minimmm of 15°C and -7°C re-
spectively for the first 29 days.

2. An undervoltage detection did not occur. The undervoltage
detection circuit senses unregulated bus voltage (Figure 3.3-1) and will not
be activated by loss of a regulated voltage. The analysis in section 3.1.3
showed that no undervoltage condition or battery switching occurred.

3. Telemetered performance parameter Nos. O4, 05 and 07 through 12
inclusive decreased in magnitude during the L-minute period of abnormal behavior.
This relative change torresponds to an increase in frequency of the telemetry
oscillators. PP No. 06 increased in magnitude which also corresponds to an
increase in frequency of the telemetry oscillator. The magnitudes of parameters
before and after the anomaly as well as the maximum change during the 4-minute
period of variation are listed in Table 3.4~1. Also shown are the approximate
changes in frequency of the oscillator which were determined from the calibration
curves presented in Phase I, Volume I report.

A significant observation in Table 3.4-1 is that all analog
oscillators, for the performance parameters plotted in Phase II, increased in
frequency during the anomaly. The variables which affect oscillator frequency,
external to the oscillator circuit, are the 7.5V +.25% and (-) 3V +.25% power
supplies, input analog signal voltage and magnetic fiélds. The analog oscillator
inputs are derived from sensing circuits which are energized from different reg-
ulators. Sensing circuits for +15V, +12V and unregulated bus voltage are passive
circuits; all other circuits are active. Table 3.4~2 is a list of performance

parameter sensing circuits and the associated power supply source.

Referring to the power supply system diagram of Figure 13, it is
seen that a malfunction in the 6.5 volt regulator, or the 12 volt regulator
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gz. Description S;ﬁ:iggsﬁggi;it
o4 +15 Volts (Passive Circuit)
05 Tape Recorder Temperature | +6.5V Regulator
06 Dump Current 15V p-p, 1700 H, (Inverter)
07 Unregulated Bus Voltage (Passive Circuit)
08 +12 Volts (Passive Circuit)
09 Solar Current 15V p-p, 1700 H_ (Inverter)
010 Battery Current 15V p-p, 1700 H, (Inverter)
011 Battery Temperature +6.5V Regulator
012 Paddle #4 Temperature +6.5V Regulator
Table 3.4-2

PP SENSING CIRCUIT POWER SUPPLIES

which supplies the 6.5 volt regulator input, would not affect PP Nos. O4, 06,
07, 09 or 10 at the sensing circuit. Likewise, a malfunction in the inverter
would not affect PP Nos. 05, 07, 08, 11 or 12. Unregulated voltage is the
parameter which could affect all PP sensing circuits if a decrease below the
preset undervoltage level occurred. Since undervoltage did not occur it is
concluded that the reason for abnormal variation of PP magnitudes was not due
solely to variation in analog oscillator input signals. The reason for varia-
tion of the analog oscillators is thus narrowed to the possibilities of 1) a
change in the +7.5 and/or (-) 3V regulated power supply voltages and 2) an ex-

ternal magnetic field.
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Based on information from GSFC, data is not available for the 3-
minutes in the anomalous period due to a "quiet" satellite transmitter. A loss
of regulated (-) 18 volts (transmitter power supply) from the inverter would
account for a break in the telemetry link. It is reasonable to assume that a
malfunction occurredin the power inverter which was manifested by intermittent
oscillation for a 4-minute period and no oscillation for a 3-minute period.

The transition from normal oscillation to inoperative could occur with varying
degress of intermittent operation, thus accounting for the apparent step changes
in performance parameters. The effect of the intermittent inverter operation
on the (-) 3 volt regulator, to account for an increasing frequency from the
analog oscillator, would be an increase in magnitude (more negative). Although
intuition would lead to a predicted decreasing -3V (more positive) for a reduced
regulator input voltage, it is possible to obtain the opposite effect. A
mathematical analysis of any given regulator design to predict the actual change
in output voltage as a function of input voltage (particularly when input voltage
exceeds design limits) is complex. A mathematical analysis or electrical test
of regulator circuits is beyond the scope of the Phase ITI task:—¥ence in
Jggstulating an inverter malfunction it must be assumed that the -3V power supply
actually increased in magnitude by approximately 5 to 10%.

Since the (-) 18 volt regulator, fed from the inverter, is the input
to the (-) 3 volt regulator it would be reasonable to postulate that a (-) 18
volt regulator malfunction occurredrather than an inverter malfunction. It is
observed from table 3.4~1 that unregulated bus voltage increased from 15.57 to
15.61 volts in the 7-minute period. Since the anomaly occurredat the end of a
100% sunlight period it is reasonable to assume that the battery was fully
charged. The 15.57 volts terminal voltage before the anomaly is reasonable for
the battery temperature of 33°C. After the anomaly, unregulated bus voltage was
15.61 volts. As previously discussed in section 3.1.1, terminal voltage is not
in general indicative of battery charge state, however, even the 4O mv increase
in terminal voltage experienced in the anomalous period can be an indication that
a large increase in charge current occurred. Since the battery charge-current
regulator is dependent on 1700 Hz from the inverter for regulation of charge
current at 500 Ma., loss of the 1700 Hz would result in no dump current. Solar

paddle current minis load eurrent would then be directed to the battery.
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In conclusion, probable cause of the anomaly, if a power syskem fault,
is a malfunction of the inverter. Cause of the inverter malfunction might be
explained by a cold-solder connection which "acted-up" due to several cycles in
lower shelf temperature between approximately -7°C and 15°C. The anomally
occurred at a 100% sunlight period where temperatures in the satellite were
highest experienced since launch. Whatever the type of failure, it is evident
that a self-healing action occurredin a very short time period and it is more
reasonable to assume a faulty con'nection than a faulty component.

Magnetic Fields

Although the probably cause of the orbit 415 anomaly was an inverter
malfunction, it should be pointed out that encountering a strong external
magnetic field could also account for the observed phenomena of frequency shifts
in the telemetry oscillators. dJust as the external magnetic field would affect
the magnetic cores of the analog oscillators, it is also reasonable to expect
such a disturbance on the inverter could interrupt oscillation. The presence
of a strong external magnetic field reasonably explains the observed phencmenon,
but the source of such a magnetic field for a 7-minute interval is not easily
explained.

3.4.2 Orbit 704 Anomaly

The anomaly in orbit 704, reported in Phase 1I, was an apparent de-
ficiency in the power available from the solar paddles for a time of approximately
15-minutes prior to exit from sunlight. At times 32.5 and 37.5 minutes on the
composite orbit graphs for orbit 704, the available (solar current x unregulated
bus voltage) product, or available power, was less than the pre-launch predicted
minlmum of 14 watts. Also, earlier and later orbits did not show less than 14

watts available power, prior to exit from sunlight, as prematurely as encountered
in orbit 704.

It was noted, upon examining the composite orbit graph for base
orbit graph for base orbit 704, that a discrepancy exists in plotted data for
PP No. 09, solar current. The data expanded for a 5-minute period around 17.5
minutes ( data for orbit 710) does not agree with the maximum and minimum solar
current data points plotted at that time. Furthermore, the sum of dump current
and batiery charge current were equal to solar current, indicating zero load

current.
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The data in question was checked on the data reduction work sheets
of Phase I for possible error, and an error was discovered in the plot of
maximum and minimum solar current data points in the time interval of O to
37.5 minutes inclusive. A scale shift of 0., amperes occured in plotting data
such that 1.0 amperes shown on the ordinate is actually 1.4 amperes. Minimum
available power at 37.5 minutes is thus (0.9 amps x 16.37 volts) or 14.7 watts.
The data points from 52.5 to 97.5 minutes were plotted in correct relationship
to the ordinate scale.

It is coneclnded that the apparent anomaly reported in Phase II was
actually not an anomaly, but instead an error in solar current data plotted for
base orbit 704.

3.4.3 Initial Power loss Anomaly

Initial review of telemetered data by GSFC had indicated the possi-
bility that solar paddle power dropped markedly within the first few days from
launch. It had been recognized that this rapid assessment of the data had not
produced results in which high confidence could be placed. Perhaps the major
reason for lack of confidence was the high amplitude of spin modulation which
characterized solar paddle output for certain aspect angles. The initial data
review consisted of plotting results from small data samples so that only a
peak or valley of the modulated power output might have been examined for a
particular point. Nevertheless, the possibility of an early power loss was

examined further.

Figure 14 illustrates the upper and lower bounds for power output
versus days from launch. The circular points were determined by computing the
power that would result from the maximum unregulated voltage and the maximum
solar current (pp O7 and pp 09) for the given day. A simultaneous occurrence
of these maxima is extremely doubtful, of course, but this result represents
an upper bound. The trangular points were computed in a complementary fashion
by assuming simultaneous occurrence of minima. It may be noted from Figure 14
that except for one upper bound point early in the history, the limits are
well behaved and that the upper bound follows to some extent the variation in

solar aspect angle, as might be expected.

The one uppesr-bound point cited was rechecked in the original GSFC

data print outs to see whether or not there had been an error in data reduction.
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Although data reduction had been without error two facts can be noted which put
the point in question. First the current value 3.5 + amps corresponding to
this point was in a very nonlinear region of the oscillator which responded to
solar current (see Figure 20, of reference 1, Volume I). Moreover this value
is on a very steep slope of the oscillator operating curve and is near the
saturation level. These considerations sericusly degrade the accuracy of
measurement for these values. Secondly, the data points immediately adjacent
to the point in question are very much lower, namely 1.9 amps and 2.2 amps.
Also the maximum current for the next day was only 2.7 amps. If 2.7 amps is
used instead of 3.5 the point shown dotted in Figure 14 results. The conclusion
reached in respect to this area of concern is that no serious power drop was
experienced in the early orbital period and that variations in the power upper

bound as shown in Figure 14 can be attributed to solar aspect angle.

3.5 Power System Conclusions

The several conclusions which have been drawn in this section are

summarized below in order of their occurrence in the foregoing pages.

1. Battery Terminal Voltage. The pre-launch, observed -3mv/°C
stability of the voltage-limiting electronics was borne out in the actual per-

formance record.

2. Battery Charge Efficiency. Although difficult to assess, a
qualified conclusion is drawn that no degradation in battery charge efficiency

took place during the 190-days studied.

3. Battery Temperature. Battery temperature exceeded specification
levels by at least 10°C and possibly more; however, the batteries apparently
suffered no degradation during this operation. It is now believed that temp-
erature rise limiting through reduction of charge current as a function of
battery temperature should have been included in the control ecircuits.

L. The standby battery was not employed.

5. Solar Paddle Performance. Average solar paddle degradation was
computed to be 0.14% per day which correlates fairly well to anticipated deg-
radation due to hard particle radiation. It should be noted that numerical

results in this calculation are based on a small data sample. There were no

major malfunctions.
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6. Regulators. The +12 and +15 volt regulators functioned within
tolerance, as far as measurement resoltuions permit determination. Generally
satisfactory performance of the spacecraft electronics indicates satisfactory

regulation in the urmonitored supplies.

7. The Orbit 415 Anomaly. The most probable cause, if the power
system is at fault, is the inverter. A cold solder connection which became
intermittent because of mechanical stress imposed by higher than usual temp-
eratures is a hypothesis for a detailed cause within the inverter.

8. The Orbit 704 Anomaly. This previously reported deficiency
proved to be a false one based upon incorrectly plotting Phase I data in this

orbit.
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